Abstract. Two critical issues in microarray-based gene expression profiling with amplified RNA are its reliability and reproducibility compared to the non-amplified RNA. In this study, the non-linear relationship between the two methods was evaluated with the entropy in addition to the linear relationship using correlation coefficients. The correlation coefficients within the amplification method and between the two methods were significantly high, 0.98 and 0.88, respectively. Comparing the entropy as increasing fold-change difference (k), the average entropy value was reduced to 0.02 in the cell line and 0.09 in the tissue samples, indicating that the number of different genes between the two methods was decreased. In addition, the threshold of k according to the percentage of p estimated from entropy values could be used to provide the cut-off line on gene selection. The quantity discordance rate of 0.3-5.4% and the common outlier proportion of 84.2-94.3% between the two methods were detected, according to the expression levels. In summary, we showed a high similarity between the two methods using non-linear as well as linear comparison. Furthermore, we proved that the entropy as the measure of non-linear relationship is useful for analyzing the similarity of replicated microarray data sets.
Introduction
Recent advances in genomics have shown that in order to understand the molecular signature of cancer biology, it is essential to examine changes in the gene expression level on a genome-wide scale. A cDNA microarray is a rapid and comprehensive approach for monitoring the expression levels of thousands of genes among diverse samples simultaneously (1) (2) (3) .
One of the major obstacles of a microarray is that the standard procedure requires a large amount of total RNA, typically >40 μg. However, most clinical samples such as tissues from a core needle biopsy are small in quantity. RNA amplification has been devised to overcome this limitation in various in vitro experiments (4) (5) (6) . Several modifications have been introduced to the original protocol and have been applied to microarray research (7) (8) (9) .
The most critical issues in using RNA amplification for microarray experiments are the reliability and reproducibility obtained by using amplified RNA compared with using the non-amplified total RNA. However, a large range of variation can occur because RNA amplification involves multi-step in vitro reactions. Zhao et al systematically evaluated every step of the amplification protocol (10) . In order to estimate the consistency of the results, Nygaard et al reported a detailed statistical analysis of cDNA microarray data obtained from amplified samples compared with non-amplified samples (11) . In most reports, the similarity between the two methods was estimated based on the Pearson correlation (10, (12) (13) (14) (15) (16) . Pearson correlation analysis can only quantify the linear dependencies between the measured data sets. It does not explain if the data sets are independent relations. However, information theory such as entropy can provide a general measure of the dependencies, and not just the linear dependencies (17) .
This study applied the measure of entropy on gene expression data in order to further compare the similarity between the amplification and non-amplification methods.
Materials and methods
Cell line and tissue samples. The normal and tumor tissues were obtained from one colorectal cancer patient during a surgical resection (Severance Hospital, Yonsei University College of Medicine, Seoul, Korea). The tissue samples were immediately frozen in liquid nitrogen and stored at -150˚C until needed.
Twelve human cancer cell lines, A-549 (lung adenocarcinoma), AGS (gastric adenocarcinoma), Caki-2 (kidney carcinoma), HeLa (cervix adenocarcinoma), HCT 116 (colon carcinoma), HL-60 (acute promyelocyte leukemia), HT29 (colorectal adenocarcinoma), HT1080 (fibrosarcoma), MDA-MB-231 (breast adenocarcinoma), MOLT-4 (T-lymphoblast), SK-HEP-1 (liver adenocarcinoma) and U-87 MG (glioblastoma) were obtained from the American Type Culture Collection (Rockville, MD, USA). The cell lines were maintained in MEM media (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin in a 5% CO 2 atmosphere at 37˚C.
Total RNA preparation. The total RNAs from the tissue samples and cultured cells were extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. The extracted total RNAs from the tissue samples were purified using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The quality and quantity of the total RNA were determined using a spectrophotometer, GeneSpec III (Hitachi, Tokyo, Japan) and a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
The Yonsei reference RNA (Cancer Metastasis Research Center, Yonsei University College of Medicine, Seoul, Korea) for the reference sample was prepared by pooling the equivalent amounts of the total RNA from the above 11 cancer cell lines except for HT-29. For the test sample of the cell line, 4 cell lines, AGS, HL-60, HT29 and HT1080, were randomly selected, and equivalent amounts of the total RNA were pooled.
RNA amplification. The amplification of the total RNA was performed based on a slight modification of a previously described protocol (12) .
One-round amplification. Total RNA (4, 2, 1 and 0.5 μg) was used in the one-round amplification. The RNA template was mixed with 2 μg of the oligo-dT/T7 primer (5'-GGC CAGTGAATTGTAATACGACTCACTATAGGGAGG CGG-3', Genotech, Daejun, Korea) and denatured at 65˚C for 10 min. The first-strand cDNA was synthesized by reverse transcription with 4 μl of a 5X first-strand buffer (Invitrogen, Carlsbad, CA, USA), 2 μl of 100 mM DTT, 2 μl of 10 mM dNTP mix (Invitrogen), 2 μl of RNasin (Promega, Madison, WI, USA) and 2 μl of SuperScript II (Invitrogen) at 42˚C for 1 h. For the second-strand cDNA synthesis, 30 μl of a 5X second-strand buffer, 3 μl of 10 mM dNTP mix, 10 U of DNA ligase, 4 U of DNA polymerase I and 2 U of RNase H were added to the first-strand cDNA product and then incubated at 16˚C for 2 h. The double-stranded cDNA was extracted with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), and precipitated with ethanol in the presence of 1 μl linear acrylamide (0.1 μg/μl, Ambion, Austin, TX, USA). The dried pellet was re-suspended in 9 μl of RNasefree water. The mRNA was transcribed from the doublestranded cDNA using a T7 Megascript Kit (Ambion). Briefly, 2 μl each of 75 mM NTP, 2 μl of an enzyme mix and 2 μl of a 10X reaction buffer were added to 8 μl of the double-stranded cDNA. The reaction mixture was then incubated at 37˚C for 5 h. The amplified mRNA was cleaned using an RNeasy Mini Kit according to the manufacturer's instructions. The quantity of the amplified RNA was measured by a spectrophotometer, and agarose gel electrophoresis and a Bioanalyzer 2100 were used to assess the integrity.
Two-round amplification. For two-round amplification, 0.5 μg of the one-round amplified RNA was diluted to a final volume of 11 μl with RNase-free water and primed with 1.5 μg of the random primers (Invitrogen). Prior to the second-strand synthesis, the cDNA was incubated with 1 μl of RNase H at 37˚C for 20 min and then heated to 95˚C for 2 min. The second-strand synthesis was then primed with 0.5 μg of an oligo-dT24/T7 primer by incubation at 65˚C for 10 min and 42˚C for 10 min. The remaining steps were identical to the one-round amplification.
cDNA microarray. The cDNA microarray was performed using a human cDNA chip (CMRC-GT, Seoul, Korea) containing 7,507 clones in a reference design. The test samples, the colorectal normal and tumor tissue RNAs and 4 mixed cell line RNAs, were labeled with Cy5 and individually co-hybridized with the Cy3-labeled Yonsei reference RNA (CMRC, Seoul, Korea). The experimental design and the representative names are listed in Table I .
Probe labeling and hybridization. The cDNA microarray experiment was performed based on the protocol of CMRC, Table I . Experimental design and representative names.
C, cell line RNA; N, normal tissue RNA; T, tumor tissue RNA; Non-amp, non-amplification; 1R-amp, one-round amplification; 2R-amp, two-round amplification; 4, 2 and 1, input amount of total RNA used in the amplification reaction.
-
Yonsei University, Korea (18) . Two micrograms of the amplified mRNA and 50 μg of the total RNA were labeled with Cy3-or Cy5-dUTP during reverse transcription. The RNA was mixed with 6 μg of the random primer (Invitrogen) or oligo-dT primer (Genotech), respectively, and incubated at 65˚C for 10 min. Eight microliters of the 5X first-strand buffer, 4 μl of 100 mM DTT, 2 μl of SuperScript II RT, 2 μl of 20X low-dT/dNTP mix, and 1 μl of RNasin were added to the RNA/random primer mixture and incubated at 42˚C for 2 h. The residual RNA was hydrolyzed by incubation at 65˚C for 30 min in 15 μl of a 0.1 M NaOH solution. The reaction was neutralized with 5 μl of 1.0 M HCl. The Cy3-and Cy5-labeled probes were purified using a QIAquick PCR Purification Kit (Qiagen). The purified probes were combined and mixed with 20 μg of Human Cot-1 DNA (Invitrogen), 20 μg of yeast tRNA (Invitrogen), and 20 μg of poly(A) RNA (Sigma, St. Louis, MO, USA). The final probe was concentrated to 80 μl using a Microcon YM-30 column (Millipore, Bedford, MA, USA) and then denatured at 100˚C for 2 min. The cDNA microarrays were pre-hybridized in a 3.5X sodium chloride/sodium citrate buffer (SSC), 0.1% sodium dodesyl sulfate (SDS), and 10 mg/ml bovine serum albumin (BSA) at 42˚C for 1 h prior to probe application. The probe from the amplified mRNA was hybridized in 25% formamide, 5X SSC and 0.1% SDS at 42˚C, and the probe from the total RNA was hybridized in 3.5X SSC and 0.3% SDS at 65˚C for 16 h. Following hybridization, the arrays were washed in 2X SSC with 0.1% SDS, 1X SSC with 0.1% SDS, 0.2X SSC, and 0.05X SSC, sequentially washed for 2 min each, and then spun dried at 500 x g.
Image scanning and data processing. The fluorescence signals on the microarrays were acquired using a GenePix 4000B scanner (Axon Instruments, Foster City, CA, USA).
The scanned images were processed using GenePix Pro 4.0 software (Axon Instruments). Systemic errors were corrected by normalization of the log 2 -transformed data using an intensity dependent, within-print tip normalization based on the Lowess function (19, 20) . After normalization, 8096 spots in the cDNA microarray, we removed 750 genes with missing values at least one experiment and obtained 7346 genes for further analysis.
Data analysis. The scheme of the data analysis is shown in Fig. 1 .
Correlation coefficients. The Pearson and Spearman correlation coefficients were measured to observe the characteristics of the relationship between the two data sets. The correlation coefficient, r, varies from -1 to +1 and the larger absolute value of r means a stronger correlation between two data sets. Supposing that X is the expression ratio of the total RNA and Y is that of the amplified RNA, the Pearson correlation coefficient is defined as follows:
The Spearman correlation coefficient uses the rank matrices (vectors) of x and y to measure the correlation level, which is represented as follows:
where Dx and Dy are the rank matrices (vectors) of X and Y. Entropy analysis. Entropy analysis measures the disorder of a system and is calculated by the following equation: where p i is the proportion of elements in the i-th class among c classes. In order to measure the entropy, all of the genes were divided into two groups by the fold-change difference (k), which is the difference in the expression levels between the two methods. If a gene showing a 2-fold up-regulation in the non-amplification method increased to 4-fold in the amplification method, the fold-change difference for the gene between the two methods is two, i.e. k=2. The p value is the proportion of the gene sets with a smaller change when divided by a certain fold-change difference (k). The distribution between the p value and the entropy is shown in Fig. 2A . As the p value approaches 0 or 1, the entropy approaches 0. A smaller entropy value indicates a smaller number of genes whose expression patterns are changed by less than a certain k value, meaning no difference.
Results
The efficiency and reproducibility of the RNA amplification method. In order to evaluate the efficiency and reproducibility of the RNA amplification process, cDNA microarray was performed using amplified RNA obtained from the independent amplification reactions using different amounts of the total RNA of the tissue and cell line samples. When 4, 2, 1 and 0.5 μg of the total RNA were used in the one-round amplification, there was a fold amplification (average ± SD) of 1.2±0.1x10 3 , 1.9±0.1x10 3 , 2.4±0.3x10 3 and 2.6±0.4x10 3 , respectively, assuming that ~1% of the total RNA population was the mRNA. The two-round amplification beginning from 0.5 μg of the total RNA yielded an amplification of 1.68±0.02x10 5 fold. The efficiency of RNA amplification was proportional to the initial amount of total RNA added.
For the reproducibility within the independent microarray data sets, the Pearson and Spearman correlation coefficients were measured using the expression ratios of all the genes in the array (Table II) Comparison of non-amplification and amplification methods with correlation coefficient. In order to evaluate the fidelity and reproducibility between the non-amplification and amplification methods, the Pearson and Spearman correlation coefficients of the microarray data sets obtained from the two methods were measured using the expression ratios of all the genes in the array. As shown in Table II , the average r between the two methods (Non-amp vs. Amp) in the tissues and cell line samples was 0.88 for the Pearson correlation analysis and 0.81 for the Spearman correlation analysis.
Comparison of non-amplification and amplification methods with the measure of entropy.
The entropy was analyzed in order to estimate the similarity considering the non-linear relationship between the microarray data sets from the nonamplification and amplification methods. The entropy between the microarray data sets from the two methods using the cell line and tissue samples was measured at the foldchange difference (k) of 1.5, 2.0, 3.0 and 4. As k became larger, the average entropy value in all cases was reduced, indicating that the number of different genes between the two methods decreased (Table III) . The average entropy in the tissues had a larger value than those in the cell line sample. Meanwhile the entropy values between the normal and tumor tissues were similar (data not shown).
A comparison of the change in the entropy according to the various amounts of RNA inputed showed that the entropy values at a certain k were similar (Table III) . The entropy values became smaller with less variation as k increased. Considering the number of amplification reactions, the change in the entropy in the two-round amplification also was similar to the pattern of change in the entropy in the one-round amplification (Table III) . These results suggest that the amplification method in the cell line or tissue samples had a high degree of similarity with the non-amplification method as the cut-off value of k increased, and was unaffected by the various amounts of RNA inputed as well as the number of amplification reactions.
Threshold levels of the fold-change difference according to the p value in entropy analysis. Fig. 2 shows a plot of the threshold levels of k, according to the percentage of p estimated from the entropy values. At the p percentage of 90%, the threshold value of k was 1.51 in the cell line sample and 1.81 in the tissue sample. This means that 90% of the genes showed a change <1.51-fold in the cell line and <1.81-fold in the tissue sample. At the same p percentage, the threshold level of k in the cell line was lower than that in the tissue. Thus, the change in the expression level between the two methods was smaller in the cell line sample than in the tissue sample.
Comparison of the non-amplification and amplification methods with concordance.
In order to evaluate whether or not the non-amplification and amplification methods provided similar microarray data, the sensitivity and the concordance of the spots detected from the two methods were analyzed. First, the spot quality on microarrays from the two methods in the cell line and tissue samples was investigated. Comparing the percentage of the present and absent signals in all spots, the average present signals from the non-amplification and amplification method were 96.2 and 98.9% in the cell line and 95.9 and 98.5% in the tissue samples, respectively. These results indicate that the amplification method has more present signals than the non-amplification method, suggesting that the amplification method has a better sensitivity than that of the non-amplification method. The signal intensity of the spots present in the microarrays from the two methods was compared in order to verify that this difference in sensitivity was associated with the signal intensity. A similar total of signal intensities between the two methods was observed (data not shown), suggesting that the improved sensitivity in the amplification method was not associated with the enhanced signal intensity, but with an increased coverage of the spots. Table II . Average correlation coefficients for non-amplification and amplification methods. 
-----------------------------------------------------------------------------------------------------Comparison Pearson r Spearman r -----------------------------------------------------------------------------------------------------
Expression levels of all genes in the array were used for the measurement of the correlation coefficients. The average correlation coefficients of the cell line and tissue samples in each condition are displayed.
a Amp is the average value of 1R-amp 4, 1R-amp 2 and 1R-amp 1.
- Table III . Entropy between non-amplification and amplification methods. 
Expression levels of all genes in the array were used for the measurement of entropy. The k value (fold-change difference) is the difference in the expression levels between the two methods.
The concordance of the two methods was estimated from the proportion of genes with two discordances, the 'quality discordance' as the presence and absence, and the 'quantity discordance' as the negative and positive. The quality discordance rate was measured by comparing the present and absent signals of all the spots on the arrays, providing the specific transcripts were amplified or lost during the amplification procedure. As shown in Fig. 3A , an average of 2.76% in the cell line and 2.70% in the tissue sample showed the conversion of the absent signals in the non-amplification to the present signals in the amplification. The average 0.03% in the cell line and 0.11% in the tissue sample showed the conversion of the present signals in the non-amplification to absent signals in the amplification.
In order to determine whether the gene expression patterns of the two methods were similar, the quantity discordance rate in the spots with the common present signals in the two methods was calculated at the fold-change in the expression ratio with 1.5, 2.0, 3.0 and 4.0. As shown in Fig. 3B , the quantity discordance rate at the 1.5-fold change was 5.7% in the cell line and 5.0% in the tissue samples. The discordance rate was decreased at the larger fold-change in the expression ratio. At the 4.0-fold change, the discordance rate was ~0%, suggesting that the expression pattern of the genes is preserved after the RNA amplification process.
Expression profiling using non-amplification and amplification methods. The outliers according to the change in the expression level were compared in order to investigate whether or not the two methods provide similar and reliable data in gene expression profiling. The outliers were selected using the common 7,107 spots with the present signals in the two methods according to change in the expression levels of 1.5-, 2-, 3-and 4-fold. Comparing the outliers between the two methods, an average 84.2-94.3% of the outliers in the amplification method was the same as the outliers in the nonamplification method, according to the expression levels (Fig. 4) . This suggests that the gene expression patterns from the two methods are similar, even though the changes in the expression level were not exactly the same, and that the amplification methods could provide reliable data in selecting the differentially expressed genes.
Discussion
Even though RNA amplification is used more often for gene expression profiling with minute amounts of sample, there are few reports comparing the amplification with the nonamplification methods. In measuring the similarity of the two methods, all of these reports focused only on the linear relationships between the measured data sets. However, when non-linear relationships exist between the two objects of measurement, the correlation coefficients alone may not be a dependable source for comparing the two data sets. In this study, the non-linear relationship was further considered based on entropy in order to evaluate the similarity of the non-amplification and amplification methods.
First, the T7-based linear RNA amplification method was established, which generated efficient and reproducible results in agreement with previous reports. The similarity of the amplification method for gene expression profiling was evaluated by comparing the correlation coefficients and entropy with the non-amplification method. The Pearson and Spearman correlation coefficients indicated that the correlation coefficient within the microarray data obtained from the amplification method was consistently high, confirming the high reproducibility of the amplification method. Meanwhile, the correlation between the nonamplification and amplification methods was slightly lower than that within the amplification method. It was also observed that, after considering the rank of expression ratio, the Spearman r value was lower than the Pearson r value in all samples. This suggests that slight variations occurred during the amplification method.
A comparison of the entropy showed that the average entropy in all cases decreased as k became larger, indicating that the genes differing between the two methods decreased. Some difference in entropy values between the sample types was observed at all k values. This might have been related to the difference in sample quality or the alteration in the degree of the expression ratios due to the RNA amplification process. The threshold of fold-difference change (k) according to the p percentage was measured and this data provided the cut-off line on gene selection. In conclusion, the result of the entropy analysis was similar to that of the correlation coefficient analysis, suggesting that there are slight variations based on the non-linear relationship as well as the linear relationship between the two methods.
In order to evaluate whether or not there were spots causing the poor correlation between the two methods, the quality and sensitivity of the microarray data obtained from the two methods were analyzed. For comparing the two methods, the improved coverage was observed in the amplification method. However, the total intensity of all the spots was similar. This suggests that an improved coverage is not associated with the enhanced signal intensity or the expression ratios of the spots on the array from the amplification method. The outliers identified using the amplification method were further compared with those identified using the non-amplification method. Comparing the outliers at the fold-change of 2, an average of 84.2% of the outliers identified by the amplification method were the same as the outliers identified by the non-amplification method. The percentage of the common outliers increased as the threshold of the fold-change was increased. In addition, the outliers identified only by the amplification method showed that the total intensity of the spots was either <500 or the expression ratios were close to 1.0. As most of the major microarray data analyses require outliers, which are the differentially expressed genes, the similarity in the outliers between the two methods may be sufficient for significant gene selection. Therefore, the amplification method in gene selection provides reliable results similar to the non-amplification method.
In this study, the non-linear comparison of microarray data was further evaluated by measuring the entropy between the amplification and non-amplification methods. A slight variation in the amplification method was detected from the non-linear comparison as well as linear comparison. However, the spots with those variations were not considered as significant in general gene selection. The results showed that the two platforms were quite similar in nature but were not exactly the same, as expected. Considering the selection of the differentially expressed genes, the two systems might supply common results.
